1. Introduction
===============

Nitric oxide (NO) is synthesized by nitric oxide synthase (NOS) enzyme from L-arginine in many mammalian cells. NO is a potent stimulator of guanylate cyclase (GC), resulting in increased levels of cyclic guanosine monophosphate (cGMP) ([@B4]). It has a critical role in a variety of physiological and pathophysiological functions, such as opioids-induced sensitization. High prevalence of opiate addiction in many countries, including Iran has created a lot of concerns and problems. Lack of appropriate treatment for drug dependency is partially due to unknown effects of morphine on different areas of the nervous system. Thus, the investigation of drug dependency is under consideration.

It is well-known that long-term use of opioids can lead to tolerance to their effects. Tolerance results primarily from adaptive neuronal changes due to long-term use of opioids, which gradually decreases the effects of opioids ([@B9]; [@B66]). Tolerance to the rewarding effects of opioids, which is called motivational tolerance, is the main reason for the increased use of these drugs. The potential factor(s) that generated opioids tolerance is unknown. However, recent studies showed that NO has an important role in the opioids tolerance and targeting NOS may provide a novel treatment avenue. In this review, we will discuss many pharmacological studies about the role of NO in the opioids-induced sensitization. We will focus on the role of NO in some important regions of the brain that involved in opioids-induced sensitization, such as the nucleus accumbens (NA), the ventral tegmental area (VTA), and the limbic system.

2. Role of Nitric Oxide in Morphine-Induced Sensitization
=========================================================

Morphine-induced sensitization is a major problem and plays an important role in abuse liability of the opioid drugs ([@B46]). Dopamine (DA) and glutamate ([@B8]; [@B59]) pathways are involved during morphine-induced sensitization. Several studies indicate that NO plays an important role in morphine-induced sensitization in rodents ([@B51]; Zarrindast, [@B17]).

Morphine-induced sensitization is accompanied with a rise in the ability of opioids to promote DA release in NA and VTA brain regions that are thought to be involved in this process ([@B67]). NA is a complex forebrain structure, involved in the regulation of motivation and motor behavior. Some evidence suggests that morphine-induced sensitization causes many long-lasting changes in NA neurons. For example, dopamine D1 receptors in NA become hypersensitive after sensitization, presumably further potentiating the mesolimbic dopamine signal.

In addition to the dopaminergic pathways, the involvement of non-dopaminergic neurotransmitter and neuromodulatory systems in morphine-induced sensitization of NA have been recently documented. Recently, studies suggest that NO is the most prominent signaling molecule that is involved in morphine-induced sensitization. Some studies showed the high concentration of NOS in NA region.

Moreover, nitric oxide can interact with dopamine and glutamate systems in several brain areas such as NA ([@B51]; [@B69]). Sahraei et al. showed that intra-NA infusion of L-arginine (NO precursor) would inhibit both the acquisition and expression of morphine-induced conditioned place preference (CPP) in rats (2007). However, co-administration of morphine and L-arginine decreases the acquisition of morphine-induced CPP and behavioral sensitization ([@B48]; [@B51]). The nature of this phenomenon is not well understood.

The controversy seems to arise from the differences in the genetic background, environment, and methods used in these studies. L-arginine increases NO level in several brain regions ([@B64]; [@B44]) and it is a powerful mediator for inhibiting DA transporters, which take-up DA ([@B30]; [@B31]; [@B64]). Hence, any increase in NO level by L-arginine in NA may decrease DA reuptake, thereby raises the concentration of synaptic DA, which may account for the L-arginine effects on morphine CPP (both in its acquisition and expression).

Moreover, L-arginine by itself can release DA ([@B64]) which may also account for the L-arginine response. A wealth of evidence indicates that an increase in NO concentration could change the function of other neurotransmitters such as serotonin, glutamate, GABA, and acetylcholine (ACh) ([@B45]; [@B62]). Therefore, infusion of L-arginine in NA can lead to an increase in NO generation, which in fact changes its concentration and function of several neurotransmitters, including DA, glutamate, GABA, and serotonin. For example, glutamate exerts its effects by activation of several mechanisms, including an increase in NOS activity ([@B42]).

An interesting finding showed that intra-NA administration of L-arginine in the control animals increases their response to an ineffective dose of morphine i.e., L-arginine induces CPP in control animals ([@B51]; [@B48]; Zarrindast, [@B28]). Considering the role of NO on morphine-induced sensitization in NA, L-arginine might interact with DA or glutamate in NA for induction of sensitization and cross-sensitization to morphine. However, the exact mechanism of this phenomenon must be further studied.

In our laboratory, intra-NA administration of L-NAME (L-arginine methyl ester) (a NOS inhibitor) also inhibited both the acquisition and expression of morphine CPP in rats. However, some studies showed that application of L-NAME produces no effect on morphine-induced CPP ([@B51]; [@B48]). So, we postulate that an increase or decrease in NO concentration in NA leads to an imbalance between the function of several neurotransmitter pathways and disrupts the concert harmony between these pathways.

3. Role of Nitric Oxide in Dopamine Release in the Nucleus Accumbens
====================================================================

Nucleus accumbens, the major part of the limbic ventral striatum, has an important role in drug addiction. Afferents from limbic-associated brain regions such as medial prefrontal cortex, basolateral amygdala, and ventral subiculum of the hippocampus converge in NA ([@B13]; [@B24]; [@B57]). These afferents integrate with thalamic input and interface with motor loops of the basal ganglia ([@B20]; [@B57]; [@B68]). These interactions are controlled by dopaminergic pathways from VTA ([@B26]).

Some studies revealed that the firing rates of the dopaminergic neurons are changed by electrical stimulations ([@B36]; [@B55]), and these changes can influence the firing of action potentials in NA ([@B41]; [@B56]). DA release in NA is monitored by several signaling pathways ([@B7]). NO is a pivotal neuromodulator that is thought to be produced locally in NA interneurons by NOS ([@B12]; [@B33]). However, the mechanism(s) of NO action in signaling of DA in NA is (are) unknown.

Hartung et al. showed that NO donors increased DA release evoked by a range of different electrical stimulations (with a frequency of 1 to 100 Hz) in NA. They also showed that NO donors enhanced DA-evoked release in NA with increasing stimulus frequency ([@B23]). Also, these NO-mediated effects were independent of sGC (soluble guanylyl cyclase) activation, DA transporters, and BK channels (large conductance Ca^2±^ activated K^+^ channels). Furthermore, this frequency-dependent modulation of DA release by NO can be modulated by ACh. Hartung et al. also revealed that in NA, interactions between NO, ACh, and DA may be important for regulating these behaviors in normal and pathological states. The physiological concentrations of NO are still debated ([@B22]).

It seems that NO concentration in normal tissues ranges from hundreds of picomolar to low-nanomolar ([@B22]). Many target molecules are identified in modulating the physiological functions of NO. Most probably, sGC enzyme is an important mechanism for some actions of NO. However, Stewart et al. showed the sGC-independent effects of NO on DA release in the dorsal striatum ([@B60]). Some studies suggested that NO increases extracellular striatal DA levels by inhibition of DA transporters ([@B35]).

The conductance of BK channels (among other K^+^ channels) is also reported to be modulated by NO, through both sGC-dependent and -independent mechanisms ([@B32]). In nerve terminals of the posterior pituitary, NO increases BK channel conductance, generating spike after hyperpolarization and also Na^+^ channels recovery from inactivation, so reducing action potential failures ([@B32]). These mechanisms may explain how NO modulates DA in NA.

However, IbTx known as a BK channel blocker, does not inhibit frequency-dependent effects of SIN-1 (NO donor) on DA release in NA. Several studies reported that NO-mediated DA release was independent of glutamate and GABA inputs ([@B23]; [@B11]; [@B61]). NO also modulate the release of ACh in dorsal and ventral striatum ([@B63]). Notably, ACh on DA axons has an important role in controlling of DA release ([@B11]; [@B71]). Hartung et al. revealed that inhibition of nicotinic ACh receptors (nAChRs) in NA would prevent the effects of NO on DA transmission. It seems that NO has 2 different mechanisms to control DA release.

One mechanism is indirect, involving regulation of ACh input to switch nAChRs off. Shifting nAChRs off reduces DA release at low frequencies of stimulation, but increases sensitivity of DA release, and increased DA release at high frequencies can be due to nAChR desensitization ([@B71]).

The second mechanism of NO appears to be directly related to DA axons, and also increases evoked DA regardless of the stimulus frequency. Mechanistically, the rise in DA release by both direct and indirect actions of NO could be explained by a rise in vesicle fusion events as suggested for hippocampal synaptosomes by [@B37]. NO may increase the docking and fusion of dopaminergic vesicles at dopaminergic terminals, leading to an increase in DA release independent of frequency of stimulations. In addition, NO may also increase the docking and fusion of cholinergic vesicles at cholinergic terminals, leading to an increase in ACh release that, as described earlier, could desensitize nAChRs with the effect of increasing DA release at high frequencies of stimulation.

There are different types of neurons that produce endogenous NO in NA such as nNOS-expressing interneuron network and GABAergic interneurons ([@B12]) Taken together, the exact role of nNOS-expressing neurons in NA is unknown; however, these neurons might have a role in promoting the transmission of DA in DA neurons. It is likely that NO has diverse target molecules, proposed effector mechanisms, and various reported outcomes on dopamine release.

4. Role of Nitric Oxide in Dopamine Release in the Ventral Tegmental Area
=========================================================================

Opiate-induced reward is initiated in the ventral tegmental area (VTA). Opiate activates μ-opioid receptors and increases the firing rate of dopamine cells in VTA. In addition, some studies revealed that NOS has been detected in VTA, and NO release from VTA neurons is involved in the control of DA release in the shell of the NA ([@B17]; [@B29]; [@B48]). Dopaminergic neurons of VTA respond strongly to stressful situations ([@B52]). Application of sodium nitroprusside (a NO generator) induces a dose-dependent increase in DA release in rat striatum slices and decreases DA up-take in synaptosomes of NA.

Recent studies showed that intra-VTA injection of L-arginine (precursor of NO) does not induce conditioned place preference (CPP) by itself, but it increases the morphine response when injected with morphine during acquisition of CPP. The effects of intra-VTA application of L-NAME on the induction of CPP and acquisition of morphine-induced CPP by itself do not induce place preference, but co-application with morphine dose-dependently decreases morphine-induced place preference. Also, rewarding effect of cocaine, as cocaine self-application decreased by L-NAME and inhibition of NOS in the VTA, attenuates cocaine-induced sensitization in rats. Moreover, 7-nitronidazole (a selective neuronal NOS inhibitor) blocks CPP induced by cocaine, nicotine, and alcohol.

Repeated treatment with L-NAME may alter dopaminergic transmission and be associated with a decrease in the extracellular levels of DA in NA. It has been demonstrated that L-NAME by itself does not significantly alter the baseline concentrations of DA, but it may inhibit DA release much more in amphetamine-dependent rats. Additionally, L-arginine induces DA release from the striatum in vivo and L-NNA (an inhibitor of NO synthesis) markedly reduces the effect of L-arginine on DA release ([@B25]; [@B17]; [@B29]; [@B51]).

Both L-arginine and L-NAME are able to acutely decrease the expression of morphine-induced CPP when given immediately before the test session. Studies showed that the reinforcing properties of ethanol and morphine are reduced by sodium nitroprusside (a generator of NO).

Thus, L-arginine may increase the firing rate of DA cells in VTA and DA release in NA, and consequently prevents the expression of CPP ([@B5]; [@B29]; [@B51]; [@B48]). Dopamine in NA is an important modulator of the information transfer from the limbic to motor system. In addition, opioids increase dopaminergic turn over in NA, causing behavioral changes such as increased locomotion. For example, L-arginine administration increases morphine-induced locomotion ([@B16]; [@B29]; [@B48]). These findings support the role of NO in the actions induced by morphine.

5. Role of Nitric Oxide on Nicotine-Induced Conditioned Place Preference
========================================================================

Among many chemical compounds, nicotine is the most effective psychoactive material which confers tobacco\'s addictive properties ([@B5]). In the brain, neuronal α-7 nAchRs with high Ca^2+^ permeability and high distribution in DA systems, are proposed to be the major targets of nicotine for reward induction ([@B58]; [@B18]; [@B19]; [@B65]).

Several studies demonstrated substantial interaction of nicotine with DA and NO in the brain. NO has a high diffusion ability that can easily cross cell membranes ([@B54]). Generation of NO in neurons depends on the elevation of Ca^2+^ concentration ([@B21]). NOS is present in both origins and projections of mesolimbic and nigrostriatal neurons ([@B12]; [@B34]) and its co-existence with nicotinic receptors is another indicator of nicotine-NO interaction in these regions.

Nitric oxide can also inhibit monoamine transporters; so increases DA concentration in synapses. Nicotine can increase DA concentration in the striatum, NA, and other targets ([@B40]; [@B1]). Moreover, NO can mediate burst firing of action potentials of dopaminergic neurons of the rat VTA induced by nicotine ([@B53]). Furthermore, nicotine may indirectly increase NO concentration by stimulation of glutamatergic terminals and activation of high calcium permeability NMDA receptors on DA neurons in VTA ([@B14]; [@B39]; [@B53]).

Our laboratory experiments showed that nicotine-induced CPP was suppressed by nitrergic drugs, namely L-arginine and L-NAME. This suppression is mediated by the effect of these drugs on DA system. Consistent with previous studies, our investigation showed that nicotine induced a dose-dependent CPP in animals primed with nicotine and thus had prior exposure to the drug ([@B2]). It is highly likely that nAChRs located in different parts of the mesolimbic DA system, including VTA and NA ([@B6]) play a pivotal role in the reward effects of nicotine and induction of CPP.

6. Role of Nitric Oxide on the Opioid-Induced Locomotors Sensitization
======================================================================

Some studies show that nitric oxide has a pivotal role in locomotion in drug-induced sensitized rats. The induction of locomotion after the application of a high dose of L-arginine has been observed. In addition, application of high dose of L-NAME produces a decline in locomotion. Inhibition of NOS can lead to decrease in locomotor activity by dopaminergic transmission. L-NAME has also been shown that has reduced analgesic effects and DA-mediated morphine effect on locomotion ([@B3]; [@B48]; [@B49]; [@B69]).

It has been demonstrated that the molsidomine (an NO donor) potentiated hyperactivity, which induced by amphetamine and cocaine and the locomotor hyperactivity evoked by amphetamine, cocaine, SKF 38393 (a dopamine D1 receptor agonist), and bromocriptine (a dopamine D2 receptor agonist) decreased by NOS inhibitors.

Some findings showed that behavioral sensitization to the locomotor-stimulating effects of apomorphine or morphine may be induced by a schedule of intermittent presentation. Previous studies showed an increase in postsynaptic DA receptor sensitivity after long-term administration of psychostimulant drugs. Local changes in the activity of DA pathways may contribute to sensitization ([@B17]; [@B49]; [@B69]). Application of L-arginine increases morphine- and apomorphine-induced sensitization. Several studies showed that NOS activation increased DA and glutamate release.

These neurotransmitters are known to be essential for the induction of sensitization to psychostimulants. Therefore, it is possible that L-arginine, in combination with apomorphine or morphine, increases DA release in NA and so potentiates the induction of sensitization ([@B16]; [@B48]; [@B69]). In contrast to the effect of L-arginine, NOS inhibition by L-NAME significantly and dose-dependently decreases the acquisition of both apomorphine- and morphine-induced sensitization ([@B69]).

7. Role of Nitric Oxide on Morphine-Induced Conditioned Place Preference in the Hippocampus and Amygdala
========================================================================================================

In addition to the mesolimbic DA system, other structures, including the hippocampus might play a role in reward system. Evidently, the dorsal hippocampus contains the highest concentration of DA. The hippocampus receives a dopaminergic projection originating predominantly in the VTA ([@B16]; [@B28]).

A lot of evidence suggests that NO may be involved in mediating the release of DA in the hippocampus. Further evidence indicated that NO plays a role in the modulation of dopaminergic effects elicited by morphine in the hippocampus. Moreover, the hippocampus may be involved in CPP ([@B28]; [@B69]). It has been shown that long-term treatment with L-arginine attenuates morphine antinociception by increasing NOS activity and by decreasing the concentration of morphine in hippocampus.

However, application of L-arginine (NO precursor) into the hippocampal CA1 area during conditioning does not induce CPP, but increases the morphine-induced CPP without statistically significant interaction between the responses to morphine and L-arginine. These data suggest that the NO pathway in the CA1 area of the rat hippocampus could be involved in CPP ([@B28]; [@B38]; [@B49]). It has been found that the application of NMDA receptor antagonist (MK-801) attenuates the development of opiate tolerance and dependence in rats. Evidence demonstrates an important role for DA in the hippocampus. Also, the dopaminergic system is involved in modulating the memory processes of the hippocampus.

Evidently, NO is a retrograde transmitter that signals presynaptic neurons, causing an increase in the release of dopamine. Therefore, NO is a neuronal messenger mediating the release of DA in the CA1 area of the rat hippocampus ([@B10]; [@B15]; [@B17]; [@B29]; [@B28]). It has been proposed that damage to the dorsal hippocampus interferes with spatial learning. CPP is a learning paradigm, in that animals must remember the place and cues associated with drug administration, and recent studies indicated that the NO system might play a role in mediating this type of learning ([@B17]; [@B28]).

Furthermore, the central amygdala receives a wide range of ascending thalamus and brainstem inputs, including dopaminergic input from the ventral midbrain. It has been indicated that lesions of the amygdala impair performance in a CPP ([@B17]; [@B48]; [@B70]). Intra-central amygdala administration of a single dose of L-arginine or L-NAME does not elicit any response regarding conditioning. L-NAME has been shown to be ineffective as regards the morphine reinforcement properties. Furthermore, it has been shown that co-administration of L-arginine with morphine during conditioning, increases morphine-induced CPP and also induces an increase in locomotion.

These responses, which are induced by morphine plus L-arginine, are suppressed by the administration of L-NAME ([@B17]; [@B48]; [@B70]). Increase in NO level enhances the morphine conditioning ([@B70]). This possibility can be supported by the data indicating that NO may play a role in morphine tolerance and dependence and also in the rewarding properties of opiates. Taken together, DA terminals in the amygdala are distributed primarily in the central nucleus of the amygdala. NO causes an increase in the release of DA. Therefore, NO may be a neuronal messenger mediating the release of DA in the central nucleus of the rat amygdala ([@B48]--c; [@B70]).

8. Discussion
=============

Analysis of our research showed that NO may be an important neuronal messenger that mediated the release of DA in the different areas of the brain such as VTA, NA, hippocampus, and amygdala. The mechanism of NO action may be related to the changes in DA release in different rewarding areas of the brain. Several biases can be introduced by literature search and selection procedure. We might have missed unpublished trials, leading to publication bias. Therefore, further research is recommended investigating the mechanisms of NO action in opioid tolerance and dependency.
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